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Recently, a conceptual design of a small MSR, named FUJI-12 has been proposed. FUJI-12 operates
with the same fuel salt as the Molten Salt Breeder Reactor (MSBR) designed by ORNL. The authors are
interested in the MSR concept due to its high potential in the areas of safety, proliferation resistance, re-
source sustainability and waste reduction, all necessary requirements for the generation IV nuclear power
systems. The authors believe that additional investigations are necessary for future study. From this point
of view, the authors have analyzed various reactivity insertion accidents due to control rod malfunctions in
FUJI-12. The MSR can be operated with a small excess reactivity. However, at the same time, the delayed
neutron fraction is quite small due to the usage of U-233 as fissile material and the circulation of the fuel
salt. Therefore, the reactivity insertion accident should be qualitatively evaluated. The reactor transients
were analyzed without scram in order to evaluate the severity of such accidents against the safety.
Although the total primary system design of FUJI-12 is not completed, and thus, the accident analyses
include some crude assumptions, it can be expected that the reactivity insertion accident in FUJI-12 would
not result in severe plant conditions.
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I. Introduction

Molten Salt Reactors (MSRs) have a long history with the
first design studies beginning in the 1950s at the Oak Ridge
National Laboratory (ORNL). One of the results from these
early and extensive studies was reported in ORNL-4541,1)

entitled ‘‘Conceptual Design of a Single Fluid Molten Salt
Breeder Reactor.’’ However, the developmental efforts have
slowed considerably except in Russia, France, Japan2,3) and
a few other places carrying out small-scale development.
Recently, a conceptual design of a small MSR, named
FUJI-124,5) has been proposed. FUJI-12 operates with the
same fuel salt as the Molten Salt Breeder Reactor (MSBR)
designed by ORNL. The fuel salt is 7LiF-BeF2-ThF4-UF4
(71.7-16-12-0.3 mole%). However, it differs from the
ORNL design in several ways, such as no on-site chemical
processing plant and a low rated power. The authors are in-
terested in the MSR concept due to its high potential in the
areas of safety, proliferation resistance, resource sustainabil-
ity and waste reduction, all necessary requirements for the
generation IV nuclear power systems as stated in ‘‘A Tech-
nology Roadmap for Generation IV Nuclear Energy Sys-
tems,’’ GIF-002-00, Dec.(2002) by U.S. DOE. Therefore

the MSR concept has been selected as one of the promising
candidates for future consideration.

As described above, the fuel salt is circulated in the reac-
tor loop. This results in decreasing the delayed neutron frac-
tion due to the loss of delayed neutrons flown out of the re-
actor. Furthermore, the delayed neutron fraction of uranium-
233 is quite smaller than that of the other fissile materials. In
the present study, the fissile material was conservatively
assumed as uranium-233 for simplicity. Thus, the addition
of positive reactivity might result in serious transient. From
this point of view, accidents of positive reactivity addition
were analyzed using a reactor simulator based on a detailed
r-z two-dimensional neutron diffusion model coupled with
thermal/hydraulic calculations. The analysis is still prelimi-
nary and the assumptions are relatively crude because the
developmental activities on MSRs have been sparse. Since
there are few theoretical or experimental data available for
detailed analyses, we used simple assumptions and data pre-
viously published.1) However, such a preliminary study can
give us information about necessary and indispensable data
for the detailed system design that can be applied in future
accident analyses. Moreover, it might be helpful to know
the worst case transient in order to plan countermeasures
against such an accident. From the licensing point of view,
it is permitted to assume reactor scram in the analysis of
design bases accidents. However, as described above, the
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detailed plant system designs and scram conditions are not
specified yet at present; we therefore assumed that no scram
would take place. We do not claim that this accident repre-
sents the only possible accident in MSRs. We will continue
to investigate the safety of MSRs in the near future.

II. Description of FUJI-12 Design

A schematic design of the reactor core is shown in
Fig. 1.6) Note that an overflow line from the pump bowl to
the drain tank is omitted in the figure. The overflow line is
to be used when control rods are inserted and to replace
the fuel salt in the core or to adopt fuel salt due to the expan-
sion of the volume by temperature increase. The reactor is a
graphite-moderated thermal reactor composed of the core
and the reflector, consisting of many hexagonal prismatic
elements made of high-density graphite. The size of the
diagonal of the element is 20 cm and the radius of the center
hole is 4.98 cm. The elements are surrounded by a neutron
absorber made of boron carbide, and all these structures
are contained in the reactor vessel made of modified
Hastelloy-N. The fuel salt is made of LiF-BeF2-ThF4-UF4.
It flows into the reactor through the lower entrances at
840K, flows upwards through passages in the graphite
elements where the temperature increases due to nuclear
fission reactions and then flows out of the reactor through
the upper outlets at 980K. The reactor can operate for an
extended period without continuous fuel reprocessing and
without graphite replacement in the core. The main design
parameters are listed in Table 1. These parameters are typi-
cal values. The characteristics of MSRs are relatively inde-
pendent of core lifetime. The specifications of the heat
exchanger and the primary loop are also listed in Table 1.
These parameters were evaluated by analogy with the design
values of the MSBR.

III. Description of the Primary Loop Simulator

The authors developed a new simulator based on a reactor
model in r-z geometry with an external loop of fuel salt cir-

culation and a heat exchanger for the MSR transient analy-
sis. As the MSR has a completely radial symmetry and the
fuel characteristics in the core are almost homogeneous,
the r-z geometry can be applied to a wide range of core con-

Fig. 1 Schematic view of FUJI-12

Table 1 Principal design parameters of FUJI-12

Thermal Capacity 350MWth
Net Electric Generation 150MWe
Thermal Efficiency 43%
Number of Coolant Loops 2
Core
Radius/Height 2.0/4.0m
Graphite Fraction 70 vol%

Reflector
Thickness Rad./Axi. 0.5/0.6m
Graphite Fraction 99 vol%

Average Power Density 7.0 kWth/liter
Specifications of heat exchanger
Thermal capacity 350MW
Tube length 6.8m
Total heat transfer area 760m2

Fuel salt volume 1.19m3

Fuel salt speed in heat exchanger 3.14m/s
Fuel salt temperatures (Inlet/Outlet) 980K/840K
Coolant volume 7.25m3

Coolant speed 1.22m/s
Coolant temperature (Inlet/Outlet) 765K/670K
Total length of primary loop 7.2m
Fuel salt speed in primary loop 1.2m/s

Fuel Salt
Composition
LiF Balance
BeF2 16.0mol%
ThF4 12.0mol%
UF4 0.22mol%

Volume in Reactor
Total Volume 15.7m3

Flow Rate 20.2m3

Temperature Inlet/Outlet 0.55m3/s
840K/980K
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figurations. The model for the calculation is shown in Fig. 2.
The actual reactor geometry is such that the core radius is
200 cm and the height is 400 cm. The thicknesses of the
radial and axial reflectors are 50 and 60 cm, respectively,
and the width of the top and bottom plenums of the core is
2.5 cm each. The outer boundary of the reactor model is that
of the axial and radial reflectors. It is based on a two-group
neutron diffusion model with both reactor kinetics calcula-
tion and thermal analysis in the reactor. The numbers of cal-
culation meshes of the reactor are 25 in the radial direction
and 52 in the axial direction for reactor and reflector with a
mesh size of 10 cm. The fuel plenum zones at the top and the
bottom of the reactor are represented by a single mesh width
of 2.5 cm.

The reactor kinetics is solved using the stiffness confine-
ment method (SCM)7) with a calculation time interval of
0.01 s together with the plant dynamics. Six-group delayed
neutrons are considered and their precursors are calculated
in each mesh based on the neutron flux in the mesh.

The reactivity feedback effect is taken into account in the
temperature-dependent nuclear constants, which are calcu-
lated by the interpolation of tabulated nuclear constants.
The procedure is the same as that installed in CITATION
in SRAC95 developed by JAERI.8) The temperature-
dependent nuclear constants are calculated using the PIJ
module of SRAC taking into account the fuel salt density
change with temperature as described below. The tempera-
ture distributions of fuel salt and graphite blocks in the
core are used to calculate the reactivity feedback for the
neutronic calculation.

The temperature distributions are calculated by thermal
and hydraulic analyses as follows. The circulation of the fuel
salt in the reactor and the loops are also taken into account.
The graphite core blocks have a central fuel passage with a
diameter of about 10 cm. The fuel salt flows upward within
this closed channel. Thus, the flow analysis uses a simple
axial flow model. It assumes that some portion of the heat

from the fuel is transferred to the graphite moderator. The
mesh sizes are the same as those for the neutron analysis.

The outer loop is divided into 140 equal-volume nodes.
The heated molten fuel salt transfers the heat generated by
fission to the primary heat exchanger and the cooled fuel salt
is returned back to the reactor. The radial fuel flow distribu-
tion in the reactor is assumed to be such that the temperature
rise in the reactor is homogeneous. The heat removal in the
primary heat exchanger is assumed to be constant during the
transient in order to obtain the severest results.

The nuclear constants were calculated using SRAC95.
First of all, cell calculations for various graphite blocks with
respective fuel passages were calculated using the SRAC-PIJ
module. The nuclear data file was JENDL-3.2 and the num-
ber of energy groups was 107. Based on this calculation, two
group nuclear constants were obtained for the core analyses.
In MSRs, no burnup distribution exists and the core charac-
teristics are not so time-dependent. The core-averaged kinet-
ic parameters were obtained through the three-dimensional
core calculation by CITATION and are listed in Table 2.
Temperature and void reactivity coefficients are listed in
Table 3.

IV. Reactivity-Initiated-Accident Analysis

1. Reactivity-Initiated Accident
The reactivity-initiated accident in the MSR is focused be-

cause the delayed neutron fraction is much smaller for the
uranium-233 fissile material, and furthermore, some portion
of delayed neutrons are lost from the core due to the circu-
lation of fuel salt. Thus, even a small reactivity can be larger
than that for prompt reactivity.

The MSR is equipped with four graphite control rods at
the center of the reactor and inserted from the top of the re-
actor. The control rod insertion increases the thermalization
of neutrons, and thus, results in positive reactivity addition.
Given that the graphite density is about half of that of fuel

Heat
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(Heat Sink)

Core

Plenum

Reflector60cm

400cm

2.5cm

2.5cm
60cm

200cm 50cm

Fig. 2 Model for the calculation

Table 2 Delayed neutron constants

i (group) �i �i (s
�1)

1 2:34171� 10�4 1:25964� 10�2

2 8:18020� 10�4 3:34000� 10�2

3 6:92913� 10�4 1:30706� 10�1

4 7:97878� 10�4 3:03222� 10�1

5 1:57349� 10�4 1:23167� 10�0

6 9:61766� 10�5 3:13831� 10�0

Table 3 Reactivity coefficients

Component Reactivity coefficient

Fuel temperature �0:00295 (%�k/k/K)
Graphite temperature þ0:00130 (%�k/k/K)

Void 0.091 (%�k/k/%void)
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salt, the control rod insertion requires a certain driving force.
The driving forces on the control rods in the MSR are the
buoyancy from the fuel salt and the supporting force from
the control system of the reactor. If the control system
should lose the support of the control rods or the control rods
should break, the control rods would be flown out of the
reactor. Thus, in the MSR, accidental insertions can result
from the malfunctions of the control rod drive mechanism
and/or control rod control system or operator error.

The control rod maneuvering is expected for reactivity
compensation during load changes. The fissile concentration
adjustment is expected for reactivity loss due to core burnup.
In the latter case, the requirement can be adjusted by varying
the interval of the fuel salt composition control, and the
speed of the reactivity addition could be limited. Thus, the
reactivity-initiated accident of fast reactor transient could
be expected to occur because of control rod insertion.

The speed of the control rod insertion could be varied de-
pending on the extent of the malfunctions. In the previous
study, based on a simple point reactor model, it has been
shown that the severer transients are expected in the case
of step reactivity addition than the ramp addition.9) It is
because the power pulse is larger in the step addition. Thus,
in this paper, we assumed that the reactivity was added as a
step for the severest case. Also, the scram was not expected
during the transient and the heat sink was kept the same
as that before the accident in order to obtain the severest
results.

2. Reactivity Evaluation
The reactivities of one, two, three and four control rods

worth were calculated based on the following assumptions.
Each control rod is shaped in the form of an ordinal graphite
moderator block with a center hole to cool the graphite. In
other words, the diagonal of the element is 20 cm and the
radius of the center hole is 4.98 cm. When one control rod
is withdrawn, we assumed that the graphite volume was
replaced by the same amount of fuel salt. The values of
the control rod worth are listed in Table 4.

In MSRs, long-term reactivity adjustment will be accom-
plished by varying the fuel concentration. The reactivity
effects to be controlled using the control rods are as follows.
Reactivity swing from the rated power to zero power is
0.07%dk/k, which is based on the overall temperature
coefficient of �0:00165%dk/k/K multiplied by the average
temperature change of 40K, which is half of the fuel salt
temperature rise in the reactor.

The reactivity of equilibrium xenon is estimated based on
the following consideration. Although the capability of the
xenon stripping system has not been determined yet, it has
been planned that a helium bubble injection system be instal-

led in FUJI-12 for stripping the gaseous fission products to
reduce xenon poisoning.1) The poisoning effect of xenon is
dependent on the system parameters such as bubble volume
fraction in the fuel salt or the gas striping efficiency. Taking
into account the facts that the power density of FUJI-12 is
one-third of that for MSBR and the fuel salt volume fraction
in FUJI-12 is about twice of that for MSBR, the equilibrium
xenon reactivity could be much smaller than 0.3%dk/k for
MSBR. The effect of increase in bubble volume fraction
was estimated in Ref. 12) such that when the volume frac-
tion was increased from 0.2 to 0.4%, the poisoning decreased
to 75%. Assuming that the capability of the system is the
same as that of MSBR, the xenon reactivity will be about
0.075% dk/k(¼ 0:3=3 � 0:75). However, in this study, it is
assumed to be 0.1%dk/k.

Reactivity due to the change in the amount of gas en-
trained in the fuel salt is estimated as �0:02%dk/k, which
is based on the assumption of sudden change in the gas vol-
ume by �100% of the nominal value of 0.2% of the fuel salt
with the void coefficient of 0:091%dk/k/%void.

Reactivity loss due to the circulation of fuel salt is calcu-
lated as follows. The point kinetic equations of six delayed
neutron groups for circulating fuel reactor are expressed as
follows.10)

dnðtÞ
dt

¼
�0 � �

‘
nðtÞ þ

X6
i¼1

�iCiðtÞ; ð1Þ

dCiðtÞ
dt

¼
�i

‘
nðtÞ � �iCiðtÞ �

1

�C
CiðtÞ

þ
Expð��i�LÞ

�C
Ciðt � �LÞ; ð2Þ

where
i: number of delayed neutron group, 1 to 6
nðtÞ: neutron flux
CiðtÞ: concentration of i-th group delayed neutron precur-
sor
�i: fission yield of i-th group delayed neutron precursor
�i: decay constant of i-th group delayed neutron precursor
‘: neutron lifetime
�0: reactivity including bias for circulating fuel
�C: transit time of the fuel salt through core
�L: transit time of the fuel through external loop

The third term in the right-hand side of Eq. (2) indicates the
rate of delayed neutron precursor flowing out of the core.
The fourth term indicates also the delayed neutron precursor
flowing in after the circulation of the external loop taking
into account the decay during the circulation.

When the reactor is at its steady state, the left-hand sides
of the equation are zero and the last parameter in Eq. (2) is
equal to CiðtÞ. We solve these equations for �0, which give
the reactivity bias due to the fuel circulation. It is given as

�0 ¼
X6
i¼1

�i 1�
�i

�i þ
1

�C
ð1� Expð��L�iÞÞ

2
6664

3
7775: ð3Þ

It means that with the circulation of fuel salt, criticality

Table 4 Control rods’ reactivity

No. of control rods � (%�k/k) � (in $)

1 0.186 0.644
2 0.344 1.235
3 0.486 1.737
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cannot be attained without this bias reactivity adjustment.
The transit times of FUJI-12 in the core and the external
loop are 28.5 and 8.1 s, respectively. These values can be
calculated by dividing the salt volume in each region by
the corresponding salt flow rate listed in Table 1. Based on
this equation and using parameters for FUJI-12, it was found
that the bias reactivity is 0.04%dk/k.

The reactivity effects discussed above are listed in
Table 5. All the effects will not have maximum importance
simultaneously and some will have an opposite sign. For
example, when power is reduced, a negative reactivity is
to be added. When power is reduced, then the xenon concen-
tration will increase; thus, a positive reactivity must be add-
ed to compensate the reactivity loss. Thus, although the sum
of all reactivity components becomes 0.23%dk/k, a total of
0.2%dk/k to be provided by the graphite control rods was
expected to be adequate to cover the short-term reactivity
effects.

The requirement for the reactivity control is expected
to be approximately 0.2%dk/k. Then, based on the control
rod worth calculation, this reactivity can be controlled using
a control rod and a small portion of the second control rod.
Therefore, we assumed that the maximum reactivity addition
could occur with the malfunction of two control rods simul-
taneously.

3. Reactivity Addition at Zero Power Condition
The reactor was assumed to be critical with the power lev-

el of 0.001% of rated power without heat sink. The reactivity
was assumed to be added by a step. After the initiation of the
transient, we further assumed that the heat is not removed
from the primary loop without scram. The relative power
transients are shown in Fig. 3 for one and two control rod
insertions, respectively. As can be seen, when two rods were
inserted, a large power pulse of about four times of the rated
power was generated. However, the fuel temperature was
stabilized at approximately 1050K at the maximum as
shown in Fig. 4. Even when three control rods were inserted,
the maximum temperature did not exceed 1200K as shown
in Fig. 4. The peak value of the power pulse reached about
seventy.

When the fuel temperature rises, the volumes of both fuel
salt and helium gas bubbles in the fuel salt circulated for fis-
sion gas stripping expand. Given that the thermal expansion
of graphite is about two orders smaller than that of the fuel
salt, it is neglected. The temperature dependence of the fuel
salt is given as

Dðg/cm3Þ ¼ 3:752� 0:00068ðT-273Þ; T in Kelvin: ð3Þ

When the fuel salt temperature rises from 840K to 1180K,

the density changes from 3.374 g/cm3 to 3.146 g/cm3, which
means that the volume expands by about 7%. However, in
the MSR loop, overflow lines are installed to absorb fuel ex-
pansion during normal operation or in emergency. Thus, the
expansion of fuel can be mitigated. The volume of the heli-
um bubbles at normal operation is estimated to be about
0.2% of the salt volume. For the same fuel temperature
change, the helium volume expands by 43%. The void reac-
tivity coefficient was estimated as 0.091 dk/k/%void. Thus,
the positive reactivity addition is 0.0078%dk/k. This is neg-
ligibly small in comparison with the reactivity of the control
rod. Thus, it is omitted in this study. These discussions are
true for the next accident analysis.

4. Reactivity Addition at Full Power Condition
The reactor was assumed to be operating at the rated pow-

er at equilibrium condition. The reactivity was also added
by a step. It was also assumed that the heat sink continued
to be unchanged without reactor scram. The relative power
transients for one and two control rod insertions are shown
in Fig. 5. When two control rods were inserted, a power
pulse of about 27 times of the rated power was generated
in a very short time. This is because the accident was a reac-
tivity accident. The temperature transients are shown in
Fig. 6 for both cases. The maximum temperature exceeded
1200K for about 250 s.

Table 5 Reactivity components

Component Reactivity (%�k=k)

Temperature 0.07
Xenon 0.10

Entrained gas 0.02
Fuel circulation 0.04
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V. Discussion on the Safety Criteria for the MSR

For MSRs, no explicit safety criteria have yet been
established. In this study, we selected criteria based on the
mechanical integrity of Hastelloy-N in order to avoid creep
deformation based on the data of the Larson-Miller plot
for Hastelloy-N.11) The stress intensity for the evaluation is
assumed to be those for the MSBR.

A preliminary elastic stress analysis for the reactor vessel
of the MSBR was performed by ORNL.1) Stress is due to
the weights of salt, graphite and reactor vessel components
and their thermal expansion. The analysis was based on
the upper plenum of the vessel operating at 980K and
0.39MPa and the lower plenum at 866K and 0.52MPa.
The maximum stress in the removable head due to pressure
alone was 36.0MPa. This stress was located in the reactor
vessel head near the junction of the vessel head and shell.
The maximum stress in the vessel occurred at the junction
of the lower head and shell and was 123MPa.

As the fuel salt temperature could rise into the creep
range, the allowable temperature must be determined using
both stress and the duration in which the stress is loaded.
We conservatively chose the maximum duration to be 1 h,
which is long enough to shut down the reactor and take cor-
rective actions. The maximum stresses for both the top head
and reactor vessel are assumed to be 43.2 and 148MPa, re-
spectively, with a calculation uncertainty of 20%. Finally,
the allowable deformation during the interval of one hour
is chosen to be 1%. Then, assuming that the temperature
of Hastelloy-N is equal to that of the fuel salt, the allowable
inlet and outlet temperatures are determined to be 1060 and
1200K,10) respectively.

VI. Conclusions

We have analyzed reactivity-initiated accidents at hot
zero power and full power conditions without scram in the
Molten Salt Reactor, FUJI-12. The maximum temperatures
for inlet and outlet fuels were same at zero power condition.
They were 950 and 1050K, for one and two control rod
withdrawals, respectively. When three control rods were
withdrawn, the maximum temperature was 1180K. The
safety limiting temperature for the inlet fuel is 1050K, and
for the outlet fuel, 1200K. Thus, it can be concluded that
the safety limit is not violated for up to two control rod
insertions at zero power.

The maximum fuel temperature for two rod insertions of
0.344%dk/k was 1220K at the rated power. This result vio-
lates the safety limit. However, as discussed in the previous
section, the maximum reactivity required for the normal

operation is expected to be less than 0.2%dk/k. Thus, the
reactivity addition of two control rods of 0.344%dk/k is
hardly expected. Therefore, it is concluded that the reactivity
addition accident during normal operation will not result
in safety violation. In other words, in order to ensure safety
for reactivity-initiated accidents, the reactivity addition must
be limited to less than that of two control rods worth. For
example, the utilization of smaller sized control rods should
be considered. If it could not be adopted, it could be said
that some mitigation system might be installed to protect
against the simultaneous control rod insertion. The other
system to protect the reactor is an automated or passive salt
drain system that has been designed for the MSBR.
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